faults. We have demonstrated this phenomenon in a friction-based fault model, but the overall dynamics of the process should be similar for viscoplastic deeper fault extensions, which may dynamically localize and weaken due to shearheating and strain-rate effects during large earthquakes (19) and maintain their localization through the interseismic period because of the resulting structural differences in terms of their grain size and heterogeneity (31). Our study has focused on major strike-slip faults, but it has important relevance for the seismic hazard of megathrust subduction zones that are seismically quiescent, such as the Cascadia subduction zone, given the critical effect of down-dip rupture limit on coastal shaking.
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Figs. S1 to S21 Tables S1 to S3 Movies S1 and S2 References (34- Ana Maria Rey, 5 Michael Foss-Feig, 3, 6 John J. Bollinger 1 * Quantum simulation of spin models can provide insight into problems that are difficult or impossible to study with classical computers. Trapped ions are an established platform for quantum simulation, but only systems with fewer than 20 ions have demonstrated quantum correlations. We studied quantum spin dynamics arising from an engineered, homogeneous Ising interaction in a two-dimensional array of 9 Be + ions in a Penning trap. We verified entanglement in spin-squeezed states of up to 219 ions, directly observing 4.0 ± 0.9 decibels of spectroscopic enhancement, and observed states with non-Gaussian statistics consistent with oversqueezed states.The good agreement with ab initio theory that includes interactions and decoherence lays the groundwork for simulations of the transverse-field Ising model with variable-range interactions, which are generally intractable with classical methods. Q uantum simulation, in which a wellcontrolled quantum system emulates another system to be studied, can be used to address classically intractable problems in fields including condensed-matter and high-energy physics, cosmology, and chemistry (1) (2) (3) . Of particular interest are simulations of the transverse-field Ising spin model (4), described by the Hamiltonian
where N is the number of spins, J i,j parameterizes the spin-spin interaction, B x parameterizes a transverse magnetic field, and ŝ z , ŝ x are Pauli spin matrices. A quantum simulation of Ĥ T could illuminate complex phenomena in quantum magnetism, including quantum phase transitions, many-body localization, and glassiness in spin systems (5) (6) (7) (8) , and clarify whether quantum annealing can provide an advantage for solving hard optimization problems (9, 10) . Ensembles of photons, ions, neutral atoms, molecules, and superconducting circuits are all being developed as quantum simulation platforms (3) . A variety of quantum spin models have been realized with large ensembles of neutral atoms (11) (12) (13) (14) (15) and molecules (16) . Trapped-ion quantum simulators can implement Ĥ T (17) (18) (19) and have a number of advantages over other implementations, such as high-fidelity state preparation and readout, long trapping and coherence times, and strong, variable-range spin-spin couplings. To date, trapped-ion simulators have been constrained to systems of about 20 spins (18, 20) , for which classical numerical simulations remain tractable; substantial engineering efforts are under way to increase the number of ions by cryogenically cooling linear traps and two-dimensional (2D) surface-electrode traps (21, 22) .
Penning traps have emerged as a viable option for performing quantum simulations with hundreds of ions (23) (24) (25) (26) . Laser-cooled ions in a Penning trap self-assemble into 2D triangular lattices and are amenable to similar high-fidelity spin-state control, long trapping times, and generation of transverse-field Ising interactions as ions in linear Paul traps. Previous work in Penning traps demonstrated control of the collective spin (27) and benchmarked the engineered, variablerange Ising interaction in the mean-field, semiclassical limit (24) (25) (26) . However, for a simulator of quantum magnetism to be trusted, quantum correlations generated by the Ising interaction must be observed and understood. For large trapped-ion simulators, this benchmarking requires a detailed accounting of many-body physics in an open quantum system.
Here, we observed and benchmarked entanglement in hundreds of trapped ions generated with engineered Ising interactions in a 2D array of 9 
Be
+ ions in a Penning trap. To enable efficient theoretical computation of the spin dynamics (28), we performed experiments with a homogeneous Ising interaction and without simultaneous application of the transverse field B x , finding good agreement with a solution of the full quantum master equation.
Our experimental system consists of between 20 and 300 9 
+ ions confined to a single-plane Coulomb crystal in a Penning trap ( Fig. 1) (28) . The trap is characterized by an axial magnetic field jBj = 4.45 T and an axial trap frequency w z = 2p × 1.57 MHz. A stack of cylindrical electrodes generates a harmonic confining potential along their axis. Radial confinement is provided by the Lorentz force from E × B-induced rotation in the axial magnetic field. Time varying potentials applied to eight azimuthally segmented electrodes generate a rotating wall potential that controls the crystal rotation frequency w r , typically between 2p × 172 kHz and 2p × 190 kHz.
The spin-½ system is the 2 S 1/2 ground state of the valence electron spin j↑i ≡ jm s i ¼ þ
In the magnetic field of the Penning trap, the ground state is split by 124 GHz. A resonant microwave source provides an effective transverse field, which we use to perform global rotations of the spin ensemble with a Rabi frequency of 8.3 kHz. The T 2 spin echo coherence time is 15 ms. Optical transitions to the 2 P 3/2 states are used for state preparation, Doppler cooling, and projective measurement (28) .
The Ising interaction is implemented by a spin-dependent optical dipole force (ODF) generated from the interference of a pair of detuned lasers (Fig. 1A) . The ODF couples the spin and motional degrees of freedom through the interaction
where ẑ i is the position operator for ion i, m/2p is the ODF laser beat frequency, and F 0 is the force amplitude, typically 30 yN. The ODF drives the axial drumhead modes of the planar ion crystal (25, 26) , generating an effective spin-spin interaction by modifying the ions' Coulomb potential energy (29) . Detuning m from w z changes the effective range of the spin-spin interaction J i; j ∝ d −a i; j , where d i,j is the ion separation. Although a can range from 0 to 3 (24) , in this work we primarily drive the highest-frequency, center-of-mass (COM) mode at w z with ODF detunings d = m -w z ranging from about 2p × 0.5 kHz to 2p × 3 kHz, such that a varies from 0.02 to 0.18, respectively. The next closest axial motional mode frequency is more than 2p × 20 kHz lower than w z . Because a << 1, the Ising interaction is approximately independent of distance, resulting in a homogeneous pairwise coupling J i; j ≈ J ¼ F 2 0 =ð4Mw z dÞ, where M is the ion mass. At the mean-field level, each spin precesses in an effective magnetic field determined by the couplings to other spins, described by the Hamiltonian
where
We calibrated J through measurements of mean-field spin precession (24, 28) , typically finding J=ℏ ≤ 3300 s −1 . For the experiments described below, we started with all the spins initialized in an eigenstate of ŝ x so that B j = 0.
This choice of initial condition ensured that the observed physics are dominated by quantum correlations and decoherence alone. State readout was performed using fluorescence from the Doppler cooling laser on the cycling transition (28) . Ions in j↑i fluoresce and ions in j↓i are dark. Global fluorescence was collected with the side-view objective (Fig. 1A) and counted with a photomultiplier tube. We used the bottom-view image to count the number of ions and thereby calibrate the photon counts per ion (Fig. 1B) . From the detected photon number, we could infer the bright-state population N ↑ , which is equivalent to a projective measurement of Ŝ z ¼ N ↑ − ðN =2Þ, where Ŝ z is the z component of the collective spin vector
By performing a final global rotation before measuring, we could measure the moments of any component of S. The directly observed variance of the measurement (DS z ) 2 is well described by the sum of two noise terms: spin noise (DS′ z ) 2 and photon shot noise (DS psn ) 2 . Here, DX indicates the standard deviation of repeated measurements of X. In this paper, we use the underlying spin noise (DS′ z ) 2 = (DS z ) 2 -(DS psn ) 2 for comparison with theory predictions, but use the directly observed variance in the measurement (DS z ) 2 for evaluating the spin-squeezing entanglement witness. The ratio (DS psn ) 2 /(DS′ z ) 2 is typically 0.13 (-8.8 dB), so the noise subtraction is small for all but the most squeezed states observed here. Other sources of state readout noise are not appreciable (28) .
The depolarization of the collective spin length jhSij, or contrast, caused by the Ising interaction is a canonical example of non-equilibrium quantum dynamics (30) (31) (32) (33) . Quantum correlations reduce the contrast and cause the collective spin state to wrap around the Bloch sphere that represents the state space ( Fig. 2A) . However, the contrast also decreases from decoherence, which destroys correlations, effectively shrinking the Bloch sphere. Our calculation accounts for both effects; for homogeneous Ising interactions J i; j ¼ J and at the time scales explored experimentally, the contrast is approximately (28) given by
where t is the total ODF interaction time (Fig. 1C) and G is the total single-particle decoherence rate (28) due to spontaneous emission from the ODF lasers.
We show the depolarization dynamics of jhSij in our experiment in Fig. 2B , distinguishing effects of coherent interactions from decoherence. We determined jhSij from measurements of hŜ x i, performing independent experiments to confirm that hŜ y i ¼ hŜ z i ¼ 0 after evolution under Ĥ I . To distinguish the depolarization caused only by decoherence associated with the ODF lasers, we performed experiments at d = +2p × 50 kHz, effectively eliminating the Ising coupling while leaving the spontaneous emission rate unchanged. The dashed line in Fig. 2B is a fit to the observed exponential decay, measuring G in our system (28) . The faster contrast decay for m tuned near w z is in good agreement with Eq. 7 for a range of system sizes. For these data, d = 4p/t, ensuring spin-motion decoupling of the COM mode at the end of the experiment (25) . The collapse of the data to a single curve when plotted as a function of 2J t= ffiffiffiffi N p (Fig. 2B , inset) provides strong evidence that the depolarization is primarily the result of spin-spin interactions. However, depolarization dynamics alone are not enough to prove that entanglement exists in the ensemble.
To verify entanglement, we used the Ramsey squeezing parameter x 2 R , which only requires measuring the variance of collective observables, instead of full state tomography. The Ramsey squeezing parameter is
and min y indicates taking the minimum as a function of y. For an unentangled spin state, polarized along the x axis, jhSij ¼ N =2 and the spin noise is set by Heisenberg uncertainty relations to (DS y ) 2 = (DS z ) 2 = N/4, so x 2 R = 1. This quantum noise limits the signal-to-noise ratio for a wide range of quantum sensors based on ensembles of independent quantum objects (34) . Nonclassical correlations can redistribute quantum noise between two orthogonal quadratures of the collective spin, squeezing the noise such that (DS y ) 2 < N/4 and x 2 R < 1. These squeezed states are entangled (35) , and furthermore, x 2 R < 1 proves that the entangled state is a useful resource for precision sensing (15, (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) .
At short times, the non-equilibrium spin dynamics caused by the Ising interaction can produce spin-squeezed states (15, 32, 34, 44) . Figure 3 , A and B, shows the measured time evolution of the spin variance (DS′ y ) 2 of 86 ions, normalized to the spin variance of the initial, unentangled state. We compared the data to an analytic model (32) that assumes homogeneous Ising interactions and fully accounts for both elastic and spinchanging spontaneous emission. The data clearly show the development of squeezed and antisqueezed quadratures, and deviations from perfectly coherent Ising dynamics are well described by the effects of spontaneous emission alone. Similar data for different values of N are shown in (28) .
Using measurements of the directly observed spin variance (DS y ) 2 and contrast jhSij, we obtained x 2 R for a range of values of t. As shown by a plot of the minimum observed x 2 R for each N in Fig. 3C , the entanglement witness x 2 R < 1 is satisfied for seven independent data sets with N ranging from 21 to 219. We observe a minimum x 2 R = -4.0 ± 0.9 dB for N = 84 ions. We also show x 2 R measured for the initial state, confirming our calibration of N. For comparison, Fig. 3C shows the absolute minimum x 2 R predicted for coherent Ising interactions. The majority of the observed discrepancy for ensembles ranging from 60 to 150 ions is accounted for by photon shot noise, spontaneous emission, and the finite sampling of t and y. For other ion numbers (28), we still observe good agreement in the antisqueezed spin variance, but the minimum spin variance and x 2 R deviate further from the prediction. We attribute the deviation to technical noise sources (28) .
The Ramsey squeezing parameter is an effective entanglement witness at short times when quantum noise is approximately Gaussian. At longer times, the growth of spin correlations causes both the depolarization seen in Fig. 2 and the increase in min y [(DS y ) 2 ], due to the appearance of non-Gaussian quantum noise in the collective spin. Both effects cause x 2 R to increase above 1, which we call an oversqueezed state. Oversqueezed states can be entangled (45); however, x 2 R can also increase simply because of decoherence.
Signatures of quantum correlations at longer interaction times are seen in a histogram of the measurements of hŜ y i for an oversqueezed state of 127 ions after an interaction time of t = 3 ms (Fig. 4B) . For times well beyond the optimum squeezing time, we see a clear non-Gaussian distribution for the antisqueezed quadrature. The distribution for y = 5.4° (Fig. 4A ) also contains non-Gaussian characteristics in the tails away from the narrow central feature. We found good agreement between these data and a theoretical model of the full counting statistics. Even though x 2 R = 26, the theoretically predicted state is entangled, as shown by an entanglement witness based on the Fisher information F (Fig. 4C) . The quantum Fisher information has been used as an entanglement witness in other trapped-ion simulators (46) . Here, we bound the value of F using the approach in (40) and find F/N > 2.1, which satisfies the inequality of the entanglement witness F/N > 1 (45) . Photon shot noise in our measurement limits our capability to directly witness the entanglement experimentally (28) , but the good agreement with theory indicates that the state of the ensemble is consistent with an entangled, oversqueezed state. Additionally, we experimentally confirmed that this procedure for bounding F witnesses entanglement of squeezed states ( fig. S11 ). The full counting statistics are only efficiently computable for homogeneous couplings, a good approximation for the small detunings d considered here. For future work with inhomogeneous Ising coupling, obtaining the full counting statistics theoretically will likely be intractable for more than 20 to 30 spins.
The techniques presented here are applicable to precision sensors using trapped ions, where the number of ions is limited by systematic errors arising from ion motion (47) , and could be useful for quantum-enhanced metrology with nonGaussian spin states (40, (48) (49) (50) . These results benchmark controlled quantum evolution in a 2D platform with more than 200 spins, establishing a foundation for future experiments studying the full transverse-field Ising model in regimes inaccessible to classical computation. With the implementation of single-spin readout, the simulator could provide unique opportunities to study the dynamics of spin correlations in 2D systems, The solid black line is the probability density predicted from numerical calculations (28) , assuming homogeneous interactions and including decoherence from spontaneous emission and magnetic field fluctuations. We account for photon shot noise by convolving the theoretical probability density with a Gaussian distribution with a variance (DS psn ) such as Lieb-Robinson bounds (19) and manybody localization in the presence of disorder (5, 6) .
